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The emergence of stereopsis at 3--4 months postnatal in human infants is striking and has led to 
speculation that its rapid onset and subsequent development must be due to a dramatic reorgani- 
zation of the brain. Stereopsis has never been measured in infant monkeys, but previous studies 
have demonstrated that many other visual functions develop four times faster in infant monkeys 
than in humans. We made longitudinal assessments of stereoacuity in 11 infant rhesus monkeys. A 
forced-choice preferential-looking technique was used to present random-dot stereograms during 
testing. By 8 weeks after birth, all of the monkeys were responding to at least coarse levels of 
disparity (1760" [seconds]), and by 13 weeks of age, all were responding to the relatively fine level of 
88" disparity. Age of onset for stereopsis in monkeys was at about one-quarter the age when it 
occurs in humans, as expected. However, subsequent development proceeded at a similar absolute 
rate in monkeys and humans. The findings are discussed relative to the neural mechanisms which 
might be responsible for the differing rates of development. © 1997 Elsevier Science Ltd 
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INTRODUCTION 
Visual spatial perception is immature in human neonates 
with most visual functions developing radually toward 
adult levels over a protracted period of postnatal develop- 
ment (Dobson & Teller, 1978; Salapatek & Banks, 1978; 
Granrud et al., 1984; Boothe et al., 1985). Stereovision 
appears to be an exception to this general rule. Stereopsis 
is absent until 3-4 months postnatal (Braddick et al., 
1980; Fox et al., 1980; Shea et al., 1980; Petrig et al., 
1981; Held et al., 1980), at which time stereoacuity 
matures rapidly to near adult levels over a period of 
5-6 weeks (Held et al., 1980; Birch et al., 1982; Birch, 
1993). 
The development of stereopsis has not been previously 
measured in infant monkeys. However, monkeys have 
been shown to develop very similarly to humans on a 
large number of psychophysical tests of visual function 
including acuity, contrast sensitivity, and oculomotor 
behavior, except that the rate of development is about 
four times faster in monkeys (reviewed in Boothe et al., 
1985; Boothe, 1990). This relationship has been for- 
mulated as the weeks-to-months rule which states that 
developmental ges in weeks in monkeys are roughly 
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equivalent to ages in months in humans (Teller & Boothe, 
1979; Boothe et al., 1985). 
On that basis, we would expect, apriori, that stereopsis 
should emerge at about 3-4 weeks postnatal in the 
monkey and mature to adult levels within one and a half 
weeks. To test this prediction, we made longitudinal 
measurements of the emergence of stereopsis and subse- 
quent maturation of stereoacuity in 11 normal infant 
rhesus (Macaca mulatta) monkeys. We then compared 
these results from monkeys with the findings of previous 
studies of human infant stereoacuity development. 
SUBJECTS 
The subjects were 11 normal infant rhesus (Macaca 
mulatta) monkeys drawn from births at the breeding 
colony of the Yerkes Regional Primate Research Center. 
All infants were raised under the standard conditions of 
the Yerkes Center nursery. Each infant was separated 
from its mother within a few days of birth and raised in an 
incubator until approximately 1 month of age. Then each 
infant was moved to a single cage in a nursery room 
where it was able to view objects and other monkeys at 
distances ranging from a few centimeters to several 
meters. All infants in the nursery were placed in a large 
cage in groups of three for approximately 4 hr each week 
to facilitate social contact with other monkeys. All 
infants were also handled regularly by the primate care 
staff. Additional demographic information is provided 
for all 11 subjects in Table 1. The ages reported for each 
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TABLE 1. Demographic information for all 11 subjects 
Tattoo Birthweight Sex Age at first test (days) 
RAt2 545 g M 7 
RZs2 440 g M ! 0 
RGw2 430 g M 9 
RJy2 410 g F 7 
RCt2 395 g F 7 
ROu2 435 g M 9 
RHt2 430 g F 9 
RZu2 430 g M 10 
RIu2 420 g M 12 
REt2 420 g M 14 
RKb3 470 g F 4 
monkey are post-birth. Gestational ages are unknown but 
an analysis of birthweight of the animals used in the study 
demonstrates that all fall within one standard eviation 
(SD) of published norms for newborn macaques (Bourne, 
1975). 
PROCEDURE 
A set of six stereograms reproduced in the form of 
vectograph transparencies, measuring 4 cm on a side, 
were used as stimuli. The stimuli were produced by 
Stereo Optical Inc. using masters designed by Simons 
(1981), based on the rationale described by Reinecke & 
Simons (1974). Briefly, a figure was cut out of random- 
texture material created photographically and super- 
imposed on a background of the same texture. The 
superimposed materials are photographed once, then the 
cutout is displaced laterally and re-photographed. The 
resulting pair of photographs, when viewed dichoptically 
by a normal human observer, show the cutout figure in 
depth (with a vertical bar appearing to float in front of or 
behind the background, depending on whether the 
disparity is crossed or uncrossed). Dichoptic viewing is 
achieved by a combination of polarizing material 
embedded into the vectograph transparencies, and 
polarizing filters placed in front of the observer's eyes. 
The range of disparities that can be produced by these 
slides depends on the viewing distance, and we used the 
following combinations: disparities of 1760", 880" 440" 
and 176" were produced at 25 cm; 220" and 88" at 50 cm; 
and 110", 44" and 22" at 1 m. Only crossed disparities 
were presented uring testing. A zero disparity stereo- 
gram that contained the same stereofigure, but with the 
cutout appearing in the same position relative to the 
background for both eyes, could also be presented at each 
viewing distance. 
The stereograms were displayed in pairs consisting of a 
stereogram of a given disparity, along with a stereogram 
of zero disparity. The pair of stereograms were placed 
side by side separated by approximately 15 cm on a 
vertically oriented, opaque cardboard holder. Two 
rectangular openings were cut out of the cardboard 
holder, one directly behind each stereogram. A light table 
oriented on its side and positioned directly behind the 
cardboard was used to back-illuminate the stereogram 
transparencies. 
Polarizing filters were attached to a viewing screen 
positioned irectly in front of the cardboard holder and at 
the appropriate viewing distance. The infant monkey to 
be tested could be held up to the screen such that it 
viewed the stereograms, while one eye was positioned 
directly behind each polarizing filter. Testing was done in 
a partially darkened room to minimize visual distractions 
to the monkey. An experimenter viewed the monkey's 
eyes through a small peephole in the cardboard holder 
aided by a small light source mounted above the 
polarizing filters. 
For each test session, a monkey was wrapped in a 
blanket, and brought into the testing chamber. One 
experimenter held the monkey in front of the screen that 
contained the polarizing filters and aligned the monkey's 
head so that its left eye viewed through the left filter and 
the fight eye through the fight filter. Another experi- 
menter placed two slides, one containing a disparate 
stereogram, the other a zero disparity stereogram on the 
cardboard holder. This experimenter was aware of the 
disparity of the stereogram currently being tested but was 
masked as to which slide held the disparate stereogram 
and which held the zero disparity stereogram. The 
overhead lights in the room were extinguished and the 
experimenter looked through the peephole to verify that 
the monkey was looking through the polarizing filters. 
The light table was then turned on, illuminating the 
stereograms. The monkey was observed for approxi- 
mately 5-10 sec and a judgment was made, based on the 
monkey's preference as inferred from eye and head 
movements, as to whether the disparate stereogram was 
on the left or the right. The lights were then turned back 
on and the experimenter checked the stereograms, to 
determine whether the side judgment was correct or 
wrong. Feedback was then given to the observer as to 
whether their judgment was correct or wrong. 
A crude staircase was employed as an aid that allowed 
us to collect most of our trials near threshold. A large 
disparity slide that we were relatively confident the infant 
could see was presented initially (except at the youngest 
ages tested, as described below). When we obtained 
responses that were judged to be strong and correct we 
moved down to the next smaller disparity. When an 
incorrect response was obtained we moved up to the next 
largest disparity. A session was ended when qualitative 
evaluation of the data collected to that point revealed that 
performance on the largest disparities tested was near 
perfect, performance on the smallest disparities tested 
was near chance, and intermediate disparities had values 
near 75% correct. On the rare occasions in which data 
collection had to be terminated within a session before 
these criteria were reached due to reasons such as 
drowsiness or fussiness on the part of the infant, the data 
for that entire session were discarded. The intention of 
our staircase procedure was simply to adjust our trial 
placement to near the monkey's threshold early within 
the session and concentrate the remainder of the trials 
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within the region near threshold. Estimation of threshold 
disparity was done in a separate step (Treutwein, 1995) 
by subjecting each dataset to statistical probit analysis 
(Finney, 1971). 
Testing began as soon after birth as possible for each 
monkey and the age of first stereotest i  shown in Table 1. 
Each monkey was tested longitudinally for the onset of 
stereopsis approximately every 3 days. This schedule 
continued until stereoacuity scores reached the limits of 
the smallest disparity stimuli we could produce (22" of 
arc) for three consecutive sessions or did not change for 
15 consecutive t st sessions. 
Infants tested at the youngest ages typically did not 
give better than chance performance at any disparity 
tested. During these initial testing sessions we always 
presented four trials at our largest disparity of 1760", 
followed by four trials at 880". If there was no evidence 
for a preference during these initial eight trials, this 
finding served as our operational definition of "no stereo 
response being present". If there was an indication that he 
infant responded with a preference on these trials, we 
then embarked on the staircase procedure, as outlined above• 
A series of control condition trials were also run to 
demonstrate that the responses being measured were due 
to binocular disparity and not some other aspect of the 
stimulus. First, one eye was blocked to achieve a 
monocular viewing control test. However, as this 
condition cued the experimenter asto the nature of the 
test, another control condition was also run in which one 
of the polarizing filters was rotated so that both filters 
now were oriented in the same direction. A final control 
condition was used to demonstrate that the infants were 
responding to binocular horizontal disparity and not to 
some other aspect of binocular correlation. In this control 
test the stereograms were turned so that the disparities 
produced were vertical instead of horizontal. Addition- 
ally, data were collected using a random order of 
presentation of stimuli and finally using a no feedback 
procedure for the observer to verify the fidelity of our 
standard stereoacuity procedure. 
When making comparisons of our stereoacuity results 
from infant monkeys to previously published results from 
infant humans, we equated physical disparities (specified 
in seconds of arc of visual angle at the subject's viewing 
distance) even though interpupillary separations are 
somewhat smaller in neonatal monkeys than in humans. 
Owing to these differences in interocular separation, a 
given disparity does not correspond to the same physical 
depth from the plane of fixation (as measured with a 
ruler) for a monkey as for a human. However, it can be 
argued on ecological grounds that equal disparities are 
likely to be similar functionally. The perceptual scaling 
that results from differences in interocular separation is at 
least partially offset by the scaling of motor action that 
results from difference in total length of reach. Further- 
more, the comparisons that are of primary interest for this 
study involve examining plots of age vs log disparity (see 
below), where small differences in the methods used to 
scale stereoacuity make no practical difference. 
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FIGURE 1. Percentage ofmonkeys with no positive stereopsis test as a 
function of postnatal age is plotted with filled circles. Percentage of 
monkeys who demonstrated stereoacuity ofat least 88 seconds of arc is 
plotted as function of postnatal age with open circles. 
RESULTS 
We conducted a preliminary analysis of our raw data to 
determine the percentage of monkeys at each age who 
met our criterion for "no stereo response present". These 
percentages are plotted as a function of age in Fig. 1. This 
figure demonstrates that the percentage of infants failing 
to show any evidence of stereopsis was 100% at birth, 
dropped to 45% at 3 weeks, and to 0% by 8 weeks• Also 
plotted in Fig. 1 are the percentages of infants at each age 
who responded at75% correct or better at a relatively fine 
stereoacuity level of 88 seconds of arc. No monkeys had 
reached this criterion by 6 weeks of age, but by 10 weeks 
it had been achieved by 81% and at 13 weeks by 100%. 
The window of ages during which stereoacuity emerges 
is revealed by an examination fthe results in this figure. 
By 8 weeks after birth, 100% of our infants were 
responding toat least coarse levels of disparity, and by 13 
weeks of age, 100% of our infants were responding to the 
relatively fine level of 88" disparity. 
Our control tests confirmed that our monkeys were 
responding to horizontal binocular disparity, rather than 
to a monocular cue or some type of binocular correlation 
other than horizontal disparity. Monocular viewing, 
polarizer reorientation and vertical disparity tests all 
resulted in chance levels of performance in the monkeys 
tested. Control tests in which the order of presentation f 
stimuli was random, as well as tests in which the observer 
was provided with no feedback concerning their judg- 
ments, yielded similar results to that of our standard 
staircasing procedure. 
Next, we conducted an additional preliminary analysis 
to form an impression as to the time course over which 
stereoacuity improved for the group of 11 monkeys once 
stereopsis emerged. Figure 2 displays these mean stereo- 
acuity results plotted as a function of age. Data points 
plotted at each postnatal week are the mean stereoacuity 
values for the group of monkeys that tested positive for 
stereopsis during that particular week• The numbers next 
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FIGURE 2. Mean acuity results for all 11 monkeys are plotted as a 
function of postnatal age in weeks. Number of subjects contributing to 
each data point on the chart is shown above each error bar/data point. 
to the data points indicate the numbers of monkeys 
contributing to that data point. This figure demonstrates 
that for the monkeys in which stereopsis has emerged 
there is an orderly progression of stereoacuity improving 
with age from approximately 3 to 13 weeks of age. 
Another noteworthy feature of the results hown in this 
figure is the relatively large standard eviations around 
some data points. 
One potential explanation for this large variability at a 
given age for the group would be that here are individual 
differences in the time courses of development exhibited 
by individual subjects. If that explanation is correct, then 
a cross-sectional view of development asshown in Fig. 2 
does not necessarily reflect he longitudinal time course 
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FIGURE 3. Sample psychometric function obtained from monkey 
RHt2 at a test age of 6.7 weeks. Percentage of correct rials is plotted as 
a function of disparity presented. Data points where performance is
100% have been set to 90% to allow probit analysis. Numbers in 
parentheses indicate number of trials collected at a given disparity. 
of stereoacuity development as it occurs in individual 
animals. In order to address this issue, we carried out a 
more extensive analysis of the longitudinal data for each 
monkey separately. 
Figure 3 shows a sample psychometric function 
obtained from monkey RHt2 at 6.7 weeks of age. This 
figure illustrates the form taken by a raw data set from a 
single monkey collected uring a single session. Note 
that performance is better than 75% correct at large 
disparities and falls to chance at smaller disparities. Each 
individual data set was subjected to probit analysis 
(Finney, 1971; McKee et al., 1985) which uses a 
statistical procedure to obtain a maximum likelihood 
estimate of the disparity at which performance would be 
expected to be 75% correct given this pattern of 
percentage correct raw data values. This probit-derived 
disparity value was used as our initial estimate of the 
stereoacuity hreshold uring that test session. 
An age plot of these disparity thresholds was then 
constructed for each animal to depict its stereoacuity 
development. This is illustrated in Fig. 4(A) for subject 
RHt2 which plots the probit-derived disparity thresholds 
obtained from 12 separate test sessions between 10 and 
76 days of age. Similar age plots were prepared for each 
of the 11 monkeys. 
Examination of these age plots revealed that stereo- 
acuity development approximated anexponential growth 
curve such that he relationship between age and disparity 
approximated a straight line if the disparity values were 
transformed by a log(x) function. This is illustrated in 
Fig. 4(B) for RHt2, which displays the best-fitting linear 
regression line superimposed on the log-transformed 
data. This regression line accounts for 95.7% of the 
variance in this data set. Similar good fits were obtained 
for all 11 monkeys and are shown for the other 10 
monkeys in Fig. 5. The value of this regression line was 
used as our final estimate of stereoacuity hresholds for 
each monkey as a function of age. This procedure 
allowed us to characterize the development of stereo- 
acuity in a continuous fashion and allowed us to make 
comparisons across animals at any age of interest, 
including ages where no raw data were obtained from 
one or more animals. 
These characterizations f tereoacuity development i  
our individual subjects allow a comparison to be made 
between the rate of development as seen in individual 
subjects and as reflected in the group results. The group 
had achieved a mean stereoacuity value of 1300" at 3.6 
weeks of age and an acuity of 100" at 11.5 weeks of age. 
Thus, the group required 7.9 (11,5-3.6) weeks to achieve 
this magnitude of development. By using the regression 
equations from the best-fitting lines depicted graphically 
in Fig. 4(B) and Fig. 5, it is possible to calculate how long 
each animal took to undergo the same amount of acuity 
development. The mean duration for the individual 
subjects was 4.5 weeks (SD=0.87). This analysis 
demonstrates that the stereoacuity development in 
individual subjects is faster than depicted for the group. 
The age plots for the individual animals also reveal that 
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FIGURE 4. (A) Stereoacuity (seconds of disparity) is plotted as a 
function of age in days for RHt2. Each point on the graph is one testing 
session after being analyzed using probit analysis. The arrow indicates 
the data point derived from the data set depicted in Fig. 3. (B) 
Stereoacuity data were then transformed using a log(x) function and 
replotted as a function of age for RHt2. A linear equation was then fit to 
this data set, as shown, which explains 95% of the variance in the data. 
all of our monkeys reached stereoacuity values that are 
near what is expected for normal adults (1-2 log sec or 
(10"-100") of disparity). Nine of the monkeys achieved 
stereoacuities of at least 22" of arc. Two of the subjects 
(RZs2 and RCt2) never improved beyond 44" of arc, 
though testing continued for at least a month after first 
reaching this level• 
The rate and magnitude of improvement in stereo- 
acuity after it first emerges is striking. Threshold 
disparities decrease by more than 2 log units from when 
first detected until asymptoting ear adult levels, and this 
improvement develops o quickly as to resemble a step 
function if plotted on a linear axis [e.g. Fig. 4(A)]. This 
finding is qualitatively similar to what has been described 
previously for the development of stereoacuity in human 
infants (Held et al., 1980; Birch et al., 1982; Birch, 
1993). 
We carried out a quantitative comparison of our 
monkey stereoacuities with two previously reported 
measures of development of stereoacuity in human 
infants: "age of onset" and "age when near adult levels 
were achieved" (Held et al., 1980; Birch et al., 1982; 
Birch, 1993). Human infants have been tested for age of 
onset with a line-stereo target having a disparity of 3480". 
We did not test at this exact disparity in our monkey 
studies, so we extrapolated our monkey results to this 
value (3.54 log sec) to make a direct comparison between 
monkeys and humans for age of onset. The regression 
line shown for each monkey in Figs 4(B) and 5 starts at 
this extrapolated age of onset. The histogram inFig. 6(A) 
compares the proportion of monkey and human infants 
who have achieved this criterion for age of onset within 
monthly age bins. Qualitative xamination of this histo- 
gram reveals that monkeys have an obviously earlier age 
of onset han humans. This conclusion is confirmed by a 
quantitative statistical analysis of the ages of onset• The 
mean age of onset o this disparity for humans i  104 days 
(SD = 27 days) and for monkeys is 21 days (SD= 
10 days), and these values are significantly different 
from one another (t25 = 10.95, P < 0.01). However, as 
described previously, the relationship between the time 
course of visual development i  macaques and humans i  
expected to be about four to one (Teller & Boothe, 1979; 
Boothe et al., 1985). Therefore, an additional analysis 
was conducted in which the human ages were scaled into 
monkey-equivalent days (MED) by dividing by four. The 
comparison of scaled ages of onset is illustrated in the 
histogram shown in Fig. 6(B). Examination of this histo- 
gram reveals that he scaled ages of onset are much more 
similar than the raw ages. This conclusion is supported 
with a quantitative statistical nalysis. The scaled human 
mean age of onset is 26 MED (SD = 7 days) which is not 
significantly different from that of monkeys (t25 = 1.36, 
P > 0.1). 
A different pattern of results was found when we 
looked at the age at which stereoacuity had matured to 
near adult levels. We used a disparity value of 60" 
(1.78 log sec) for this comparison because human infants 
have been tested at this particular disparity. The distri- 
bution of the proportion of humans and monkeys meeting 
this criterion is illustrated in the histogram in Fig. 7(A). 
Examination reveals that monkeys achieve this near adult 
level at earlier ages than humans. This conclusion was 
confirmed statistically. Monkeys achieve a stereoacuity 
of 60" at 61 days (SD = 14 days), and humans at 125 days 
(SD= 35 days), which, as expected, is significantly 
different (t25 = 6.2, P < 0.01). However, unexpectedly, 
scaling does not bring the distributions together, but 
instead compensates too much, such that he humans now 
achieve near adult levels sooner than monkeys. This is 
illustrated in the histogram in Fig. 7(B), and confirmed 
statistically. Human and monkey results are still signi- 
ficantly different (t25 = 6.5, P < 0.01), even after human 
ages are scaled to 31 MED (SD = 8). 
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completed  in an average duration o f  5 weeks  in monkeys .  
This is s imilar to humans,  where  the range for individual  
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human data, lined bars. 
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FIGURE 7. (A) Bar chart comparing stereopsis responses of 60" or 
better for human and monkey infants. Monkey data, solid bars; human 
data, lined bars. (B) Bar chart comparing stereopsis responses of 60" or 
better for human and monkey infants with human data plotted in 
months of age and monkey data plotted in weeks of age. Monkey data, 
solid bars; human data, lined bars. 
subjects is reported to be 5-6 weeks (Held et al., 1980; 
Birch et al., 1982; Birch, 1993). A statistical t-test 
comparing human and monkey durations could not be 
performed because only the range for the group (but not 
the data for individual subjects) is reported for humans. 
However, the entire range of the human results (5-6 
weeks) falls within the 95% confidence interval of the 
estimate for the monkey population mean which means 
that the hypothesis that the human and monkey durations 
are the same cannot be rejected at the 0.05 significance 
level. 
DISCUSSION 
Previous tudies have demonstrated that stereoacuity is 
similar in adult humans and adult macaque monkeys 
(Sarmiento, 1975; Julesz et al., 1976; Harwerth & Boltz, 
1979). It has also been established inprevious tudies that 
stereopsis not present at birth in humans but emerges 
between 3 and 4 months postnatal (Braddick et al., 1980; 
Fox et al., 1980; Shea et al., 1980; Petrig et al., 1981; 
Held et al., 1980). Based on comparisons of the develop- 
mental time courses for development of other visual 
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functions in humans and monkeys (Teller & Boothe, 
1979; Boothe et al., 1985), our expectation was that 
stereopsis would emerge in infant monkeys at about 3 to 
4 weeks. This expectation was confirmed by the current 
study. 
This same rationale led us to also expect that once 
stereopsis emerged in infant monkeys it would mature to 
near adult levels about four times faster than it does in 
human infants. Maturation takes 5-6 weeks in humans 
(Held et al., 1980; Birch et al., 1982; Birch, 1993), 
leading to a prediction of 1-1.5 weeks in monkeys. This 
prediction was not confirmed in the current study. 
Instead, maturation of stereoacuity appears to proceed 
at approximately the same absolute rate in monkeys as in 
humans. Thus, while age of onset of stereopsis can be 
made to coincide nicely in humans and monkeys by using 
the predicted 4:1 ratio, the subsequent rate of maturation 
cannot. Therefore, we conclude that the age of onset of 
stereopsis is driven by a different set of factors than 
subsequent rate of development. 
It is interesting to reflect upon what kinds of neural 
mechanisms might be responsible for the emergence of 
stereopsis, as well as its maturation. There are two 
general classes of neural mechanisms that might be 
relevant o the emergence of stereopsis, one involving 
sensory processing and the other oculomotor control. We 
will discuss sensory processing models first. There has 
been previous speculation that onset of stereopsis 
depends upon ocular dominance column formation in 
striate cortex (V1), based on the fact that disparity 
processing needs access to information from both eyes as 
well as information about eye-of-origin (Held, 1985, 
1993; Wilson, 1988). Layer 4B in V1 appears to be the 
most distal anatomical site in the visual system where 
neurons are driven by inputs from both eyes and respond 
to binocular disparity (Hubel et al., 1977; Poggio et al., 
1988). These properties depend upon intracortical 
connections, including projections from layer 4C and 
horizontal projections within layer 4B (Rockland & 
Lund, 1983; Fitzpatrick et al., 1985), and for this reason 
stereopsis i precluded until these connections develop. 
In monkeys the segregation of layer 4C into left and right 
eye ocular dominance columns begins to emerge in the 
late fetal period and proceeds to completion within the 
first few postnatal weeks (Rakic, 1977; Hubel et al., 
1977; LeVay et al., 1980; Horton & Hocking, 1995). 
Studies of human visual cortex have demonstrated that 
lateral connections in layer 4B also emerge late in the 
fetal period and mature over the first postnatal months 
(Burkhalter & Bernardo, 1989; Burkhalter et al., 1993). 
The time courses over which these anatomical events 
take place in 4C and 4B in V1 are thus in rough 
agreement with the times at which stereopsis emerges 
behaviorally in human and monkey infants and thus they 
provide a candidate hypothesis for the anatomical site 
responsible for controlling age of onset of stereopsis. 
Chino et al. (1997) have recently reported electro- 
physiological findings that are relevant o this question. 
They recorded from neurons in striate cortex of neonatal 
monkeys and found units with binocular eceptive fields 
that were disparity sensitive within the first week after 
birth. However, they note that some receptive field 
properties uch as overall responsiveness and spatial 
frequency tuning are immature. These properties im- 
proved rapidly during the first four postnatal weeks, and 
Chino et al. (1997) suggest that this maturation may be 
responsible for the behavioral onset of sensitivity to 
disparity. However, the physiological conditions under 
which these electrophysiological recordings were made 
involved stabilization of the two eyes and dichoptic 
presentation of the visual stimuli. This allowed for 
precise control of binocular disparity which may not be 
present in the awake, behaving neonate. This leads us to 
consider an alternative hypothesis, which we prefer, that 
an oculomotor mechanism is responsible for behavioral 
onset of stereopsis. 
Empirical results regarding development of eye 
alignment are consistent with an oculomotor mechanism. 
Binocular alignment of the eyes is not stable at birth in 
either humans (Hainline, 1988, 1993) or in monkeys 
(Boothe & Gong, 1992; Quick, 1992). Neonates tart out 
exotropic with a bias for nasalward movements. Tychsen 
(1992) has argued that this nasalward bias gradually pulls 
the eyes together during postnatal development and that 
when the eyes have turned inward sufficiently visual 
stimuli consistently stimulate corresponding points on the 
retinae, this fact is registered by the brain and the 
nasalward bias is turned off. The developmental time 
courses over which eye alignment (Boothe & Gong, 
1992), elimination of the nasal bias (Boothe & Brown, 
1996), and stereopsis emerge in infant monkeys are 
consistent with this general scheme. Note that in order for 
this process to work it would require that disparity- 
sensitive cells be present in the brain prior to when 
stereopsis is functional so that they are available to 
provide the feedback that turns off the nasal bias. 
A sensory rather than an oculomotor mechanism ight 
be responsible for maturation of stereoacuity, even if not 
completely responsible for the emergence of stereopsis. 
Such a mechanism could equally well be in extrastriate as 
in striate cortex. There are many more disparity-selective 
neurons in extrastriate cortex than in V1 (Roy et al., 
1992; Maunsell & Van Essen, 1983; Snowden et al., 
1992). For example, there are many disparity-sensitive 
neurons in the thick stripes of V2 that receive input from 
layer 4B of VI (Livingstone & Hubel, 1987a,b). This 
population of extrastriate neurons could increase the 
sensitivity of processing through refinements in the 
receptive field processing of individual cells or in the 
recruitment of additional numbers of cells. The projec- 
tions from 4B in V1 to V2 are known to arise from 
patches of neurons and to develop through a process of 
collateral elimination in the cat over approximately a 2- 
week period (Price & Blakemore, 1985; Price & 
Zumbroich, 1989), but the time course over which this 
takes place in non-human primates has not been well 
defined. 
The results of the current study can be used to 
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formulate testable predictions regarding any candidate 
neural mechanisms that are proposed as being respon- 
sible for maturation of stereoacuity. Specifically, the 
prediction is that there should be a correspondence 
between the developmental time course for maturation of 
the proposed mechanism and the maturation of stereo- 
acuity, as measured in our study. However, it should be 
emphasized that establishing a correlation between 
behavioral function and anatomical structure in the case 
of stereoacuity development is made problematic by the 
magnitude of the individual differences in age of onset 
combined with the relatively fast rate of maturation. Any 
cross-sectional group of infant monkeys in the age range 
from about 3 to 10 weeks is likely to include some infants 
with no stereopsis, some in which stereoacuity is 
relatively mature, and others in an intermediate state. 
Thus, all previous anatomical and physiological studies 
performed at fixed postnatal ages probably included 
mixtures of brains that were at different functional states 
of stereopsis development. A combined behavioral and 
anatomical study that correlated the anatomical state of 
these neural systems with the functional state of 
stereoacuity in individual animals could, in principle, 
resolve this issue, but has not yet been performed. 
REFERENCES 
Birch, E. E. (1993). Stereopsis ninfants and its developmental re ation 
to visual acuity. In Simons, K. (Ed.), Early visual development: 
normal and abnormal (pp. 224--236). New York: Oxford University 
Press. 
Birch, E. E., Gwiazda, J. & Held, R. (1982). Stereoacuity development 
for crossed and uncrossed isparities in human infants. Vision 
Research, 22, 507-513. 
Boothe, R. (1990). Experimentally induced and naturally occurring 
monkey models ofhnman amblyopia. In Berkley, M. & Stebbins, W. 
(Eds), Comparative perception. Vol. 1--Basic mechanisms (pp. 
461-486). New York: John Wiley. 
Boothe, R. & Brown, R. (1996). What happens to binocularity in 
primate strabismus? Eye, 10, 199-208. 
Boothe, R., Dobson, V. & Teller, D. (1985). Postnatal development of 
vision in human and nordauman primates. Annual Review of Neuro- 
science, 8, 495-545. 
Boothe, R. & Gong, W. (1992). Development of binocular alignment 
in normal and visually deprived monkeys. Investigative Ophthal- 
mology and Visual Science (ARVO Suppl.), 33, 871. 
Bourne, G. (1975). Collected anatomy and physiology data from 
rhesus monkeys. In Bourne, G. (Ed.), Rhesus monkey. Volume 1: 
Anatomy and physiology (pp. 16-17). New York: Academic Press. 
Braddick, O., Atkinson, J., Julesz, B., Kropfl, W., Bodis-Wollner, I. & 
Raab, E. (1980). Cortical binocularity in infants. Nature, 288, 363- 
365. 
Burkhalter, A. & Bernardo, K. (1989). Organization of corticocortical 
connections in human visual cortex. Proceedings of the National 
Academy of Sciences USA, 86, 1071-1075. 
Burkhalter, A., Bernardo, K. & Charles, V. (1993). Development of
local circuits in human visual cortex. Journal of Neuroscience, 13, 
1916-1931. 
Chino, Y., Smith, E., Hatta, S. & Cheng, H. (1997). Postnatal 
development of binocular disparity sensitivity in neurons of the 
primate visual cortex. The Journal of Neuroscience, 17, 1-12. 
Dobson, V. & Teller, D. Y. (1978). Visual acuity in human infants: a 
review and comparison of behavioral and electrophysiological 
studies. Vision Research, 18, 1469-1483. 
Finney, D. J. (1971). Probit analysis, 3rd ed. Cambridge, U.K.: 
Cambridge University Press. 
Fitzpatrick, D., Lund, J. & Blasdel, G. (1985). Intrinsic onnections of
macaque striate cortex: afferent and efferent connections of lamina 
4C. Journal of Neuroscience, 5 3329-3349. 
Fox, R., Aslin, R. N., Shea, S. L. & Dumais, S. T. (1980). Stereopsis in 
human infants. Science, 207, 323-324. 
Granrud, C., Yonas, A. & Pettersen, R. (1984). A comparison of 
monocular and binocular depth perception in 5- and 7-month-old 
infants. Journal of Experimental Child Psychology, 38, 19-32. 
Hainline, L. (1988). Normal lifespan developmental changes in 
saccadic and pursuit eye movements. In Johnston, C. W. & Pirzzolo, 
F. J. (Eds), Neuropsychology of eye movements. Hillsdale, NJ: 
Lawrence Edbanm. 
Hainline, L. (1993). Conjugate ye movements of infants. In Simons, 
K. (Ed.), Early visual development: ormal and abnormal (pp. 47- 
79). New York: Oxford University Press,. 
Harwerth, R. & Boltz, R. (1979). Behavioral measures of stereopsis n 
monkeys using random dot stereograms. Physiology and Behavior, 
22, 229-234. 
Held, R. (1985). Binocular vision behavioral and neural develop- 
ment. In Mehler, J. & Fox, R. (Eds), Neonate cognition: beyond the 
blooming buzzing confusion (pp. 37--44), Hillsdale, NJ: Lawrence 
Erlbaum. 
Held, R. (1993). Two stages in the development of binocular vision 
and eye alignment. In Simons, K. (Ed.), Early visual development: 
normal and abnormal (pp. 250-257). New York: Oxford University 
Press. 
Held, R., Birch, E. & Gwiazda, J. (1980). Stereoacuity of human 
infants. Proceedings of the National Academy of Sciences USA, 77, 
5572-5574. 
Horton, J. C. & Hocking, D. R. (1995). Newborn monkeys have well- 
segregated ocular dominance columns organized in an adult-like 
mosaic prior to visual experience. Society for Neuroscience 
Abstracts, 21, 1284. 
Hubel, D., Wiesel, T. & LeVay, S. (1977). Plasticity of ocular domi- 
nance columns in monkey striate cortex. Philosophical Transactions 
of the Royal Society of London, B, 278, 377-409. 
Julesz, B., Petrig, B. & Buttner, U. (1976). Fast determination f
stereopsis in rhesus monkeys using dynamic random-dot stereo- 
grams. Optical Society of America Suppl., 1090. 
LeVay, S., Hubel, D. & Wiesel, T. (1980). The development of ocular 
dominance inmacaque visual cortex in normal and visually deprived 
monkeys. The Journal of Comparative Neurology, 191, 1-52. 
Livingstone, M. & Hubel, D. (1987a). Connections between layer 4B 
of area 17 and the thick cytochrome oxidase stripes of area 18 in the 
squirrel monkey. Journal of Neuroscience, 7 3371-3377. 
Livingstone, M. & Hubel, D. (1987b). Psychophysical evidence for 
separate channels for the perception of form, color, movement, and 
depth. Journal of Neuroscience, 7 3416--3468. 
Maunsell, J. H. & Van Essen, D. C. (1983). Functional properties of 
neurons in middle temporal visual area of the macaque monkey. II. 
Binocular interactions and sensitivity to binocular disparity. Journal 
of Neurophysiology, 49, 1148-1167. 
McKee, S. P., Klein, S. A. & Teller, D. Y. (1985). Statistical properties 
of forced-choice psychometric functions: implications of probit 
analysis. Perception and Psychophysics, 37, 286-298. 
Petrig, B., Julesz, B., Kropfl, W., Baumgartner, G. & Anliker, M. 
(1981). Development of stereopsis and cortical binocularity in 
human infants: electrophysiological evidence. Science, 213, 1402- 
1405. 
Poggio, G. F., Gonzalez, F. & Krause, F. (1988). Stereoscopic mech- 
anisms in monkey visual cortex: binocular correlation and disparity 
selectivity. Journal of Neuroscience, 8 4531-4550. 
Price, D. & Blakemore, C. (1985). The postnatal development of the 
association projection from visual cortical area 17 to area 18 in the 
cat. Journal of Neuroscience, 5 2443-2452. 
Price, D. & Zumbroich, T. (1989). Postnatal development of cortico- 
cortical efferents from area 17 in the cat's visual cortex. Journal of 
Neuroscience, 9 600-613. 
Quick, M. (1992). Experimentally induced monkey models of infantile 
strabismus. Doctoral Dissertation, Emory University Graduate 
School, Atlanta, GA. 
2684 C. O'DELL and R. G. BOOTHE 
Rakic, P. (1977). Prenatal development of the visual system in the 
rhesus monkey. Philosophical Transactions of the Royal Society of 
London, B, 278, 245-260. 
Reinecke, R. D. & Simons, K. (1974). A new stereoscopic test lor 
amblyopia screening. American Journal of Ophthalmology, 78, 714- 
721. 
Rockland, K. &Lund, J. (1983). Intrinsic laminar lattice connections in
primate visual cortex. The Journal of Comparative Neurology, 216, 
303-318. 
Roy, J. P., Komatsu, H. & Wurtz, R. H. (1992). Disparity sensitivity of 
neurons in monkey extrastriate area MST. Journal of Neuroscience, 
12, 2478-2492. 
Salapatek, P. & Banks, M. S. (1978). Infant sensory development: 
vision. In Minite, F. D. (Ed.), Communicative and cognitive 
abilitiesIearly behavioral development (pp. 61-106). Baltimore, 
University Park Press. 
Sarmiento, R. (1975). The stereoacuity of macaque monkey. Vision 
Research, 15, 493-498. 
Shea, S., Fox, R., Aslin, R. & Dumais, S. (1980). Assessment of 
stereopsis nhuman infants. Investigative Ophthalmology and Visual 
Science, 19, 1400-1404. 
Simons, K. (1981). Stereoacuity norms in young children. Archives e~f 
Ophthalmology, 99, 439-445. 
Snowden, R. J., Treue, S. & Andersen, R. A. (1992). The response of 
neurons in areas VI and MT of the alert rhesus monkey to moving 
random dot patterns. Experimental Brain Research, 88, 389-400. 
Teller, D. Y. & Boothe, R. G. (1979). Development of vision in infant 
primates. Transactions of the Ophthalmological Societies of the 
United Kingdom, 99, 333-337. 
Treutwein, B. (1995). Adaptive psychophysical procedures. Vision 
Research, 35, 2503-2522. 
Tychsen, L. (1992). Motion sensitivity and the origins of infantile 
strabismus. In Simons, K. (Ed.), Infant vision: basic and clinical 
research. New York: Oxford University Press. 
Wilson, H. R. (1988). Development of spatiotemporal mechanisms in
infant vision. Vision Research, 28, 611--628. 
Acknowledgements--The authors thank the staff at the Yerkes 
Regional Primate Research Center, without whose assistance and 
knowledge this project would not have been possible. We also thank 
Eileen Birch and Stereo Optical, Inc. for providing access to the 
stereoscopic stimuli used in this study. Supported by NIH grants EY- 
05975 and RR-00165. 
